Salmonella enterica serovar Typhimurium utilizes a type III secretion system (TTSS) encoded on Salmonella pathogenicity island-2 (SPI2) to promote intracellular replication during infection, but little is known about the molecular function of SPI2-translocated effectors and how they contribute to this process. SseJ is a SPI2 TTSS effector protein that is homologous to enzymes called glycerophospholipid-cholesterol acyltransferases and, following translocation, localizes to the Salmonella-containing vacuole and Salmonella-induced filaments. Full virulence requires SseJ, as sseJ null mutants exhibit decreased replication in cultured cells and host tissues. This work demonstrates that SseJ is an enzyme with deacylase activity in vitro and identifies three active-site residues. Catalytic SseJ mutants display wild-type translocation and subcellular localization but fail to complement the virulence defect of an sseJ null mutant. In contrast to the wild type, SseJ catalytic mutants fail to down regulate Salmonella-induced filament formation and fail to restore the sifA null mutant phenotype of loss of phagosomal membrane to sifA sseJ null double mutants, suggesting that wild-type SseJ modifies the vacuolar membrane. This is the first demonstration of an enzymatic activity for a SPI2 effector protein and provides support for the hypothesis that the deacylation of lipids on the Salmonella-containing vacuole membrane is important to bacterial pathogenesis.
Salmonellae are gram-negative bacteria that are capable of infecting a wide range of animals, such as cattle, poultry, snakes, and humans, leading to various diseases (35) . Salmonella enterica serovar Typhimurium causes gastroenteritis in humans, while in inbred mice with innate immune defects, it causes severe systemic disease. During systemic infection of mice, serovar Typhimurium survives and replicates intracellularly in a modified phagosomal compartment enriched in cholesterol (11) and efficiently avoids destruction by phagocytes (32) .
S. enterica serovar Typhimurium utilizes two type III secretion systems (TTSS) to directly translocate virulence determinants, called effector proteins, from the bacterial cytoplasm into the host cell cytoplasm (21) . The TTSS encoded on Salmonella pathogenicity island-1 (SPI1) is expressed upon contact with host cells and translocates SPI1-specific effectors that alter cell signaling, induce membrane ruffling, and disrupt actin polymerization in order to promote bacterial uptake and modulate host inflammatory responses (16) . Following internalization, the SPI2 TTSS is induced and translocates a different set of SPI2-specific effector proteins across the phagosomal membrane (20, 36) . These effectors inhibit host cell processes, such as NADPH oxidase and iNOS localization (12, 39) , which allow serovar Typhimurium to replicate. Moreover, a SPI2 effector was shown to decrease surface presentation of major histocompatibility complex class II molecules in serovar Typhimurium-infected cells (31) .
Following translocation, SPI2 effectors localize to different cellular compartments, including the nucleus, cytoplasm, cytoskeleton, Golgi apparatus, and phagosome (15, 19, 22, 23, 25, 26, 28, 34) . Such differential localization patterns indicate that effectors manipulate numerous aspects of host cell function. SifA is a well-characterized SPI2 effector that is important for virulence in mice, as sifA null mutants are severely attenuated (37) . Following translocation, SifA localizes to the Salmonellacontaining vacuole (SCV) (6) and is required for the formation of Salmonella-induced filaments (Sifs) in epithelium-derived cells such as HeLa cells (37) . Sifs are highly dynamic structures that appear to be tubular extensions of the SCV and contain lysosomal glycoproteins, such as lysosome-associated membrane protein-1 (LAMP-1) (4, 7). The formation of Sifs requires microtubules, and the timing of Sif appearance in epithelial cells is concomitant with bacterial replication (6, 7, 17) . Although Sifs have been analyzed extensively, and their role during infection remains unknown, they likely represent the ability of translocated SPI2 effectors to manipulate vesicular trafficking to and from the SCV and provide an important phenotype that represents Salmonella-induced host cell alterations.
Several other SPI2 effectors, including SifB, SseJ, SopD2, PipB, PipB2, SseF, and SseG, also localize to the SCV and Sif structures in infected cells, suggesting that they function collectively, and possibly redundantly, to exert their effect on the SCV (15, 22, 23, 25, 33) . In addition to SifA, the effectors SseF, SseG, and SopD2 have been shown to contribute to the formation of Sif, which highlights the complexity of this pheno-type (22, 24) . Results from recent studies of SCV and Siflocalizing effectors have supported the hypothesis that they alter the SCV via manipulation of host vesicular traffic; however, there is no biochemical evidence to indicate the molecular mechanism by which this is accomplished.
Among the known SPI2 effector proteins, SseJ is the only effector with a predicted biochemical activity. The amino-terminal 140 amino acids of SseJ are required for its translocation by S. enterica serovar Typhimurium (29) , while its carboxyterminus (residues 140 to 408) has approximately 29% homology to several members of the GDSL family of lipases (38) . GDSL lipase activity is dependent on three amino acid residues (Ser, Asp, and His), which compose a catalytic triad and are present in SseJ (see alignment in reference 14). Among GDSL lipases, SseJ has the most conservation of catalytic regions with glycerophospholipid-cholesterol acyltransferase (GCAT) enzymes, which are proteins secreted by Aeromonas and Vibrio species that catalyze the transfer of fatty acid acyl chains from phospholipids to cholesterol at lipid-water interfaces (9, 10, 27) .
Studies have shown that SseJ is required for the full virulence of serovar Typhimurium, as ⌬sseJ mutants are mildly defective for intracellular replication in cultured cells and have a virulence defect in the mouse infection model (15, 33) . Interestingly, SseJ is one of only a few SPI2 effector proteins, including SifA, that lead to a virulence phenotype when deleted, which underscores the importance of this protein to Salmonella pathogenesis. Recent analysis of the dynamics of Sif formation has demonstrated that SseJ down regulates the formation of Sif (4), supporting the hypothesis that SseJ functions to manipulate the SCV and host vesicular trafficking. Additional important phenotypes that implicate SseJ in modifying host processes include destabilization of the SCV membrane of ⌬sifA deletion mutants and formation of globular membraneous compartments in cultured cells by ectopic expression of SseJ (33) . Given the conserved amino acid similarities between SseJ and other GCAT enzymes and the putative role of SseJ in altering host trafficking processes, we hypothesized that SseJ has deacylase and acyltransferase enzymatic activities and that these activities are important for SseJ function in vivo. This work investigates the potential enzymatic activity of SseJ and tests its role in SseJ-associated phenotypes and the promotion of bacterial virulence in mice.
MATERIALS AND METHODS
Bacterial strains, plasmids, eukaryotic cell lines, and growth conditions. All bacterial strains and plasmids used are listed in Table 1 . Salmonella enterica serovar Typhimurium and Escherichia coli strains were grown and maintained in Luria-Bertani (LB) broth or on plates at 37°C with antibiotics added at the following concentrations: ampicillin, 100 or 50 mg/ml; kanamycin, 45 mg/ml; chloramphenicol (Cam), 20 mg/ml; and tetracycline, 10 mg/ml, unless described otherwise. HeLa and RAW264.7 cell lines originated from the ATCC and were maintained as previously described (15) .
Plasmid construction. The oligonucleotides used in this study are listed in Table 2 . The His-SseJ plasmid for protein purification, pJAF08, was made by amplifying the chromosomal region carrying sseJ from serovar Typhimurium with primers 5Ј JAF11 and 3Ј JAF12 by PCR and was cloned into pET-15b (Novagen) using NdeI and BamHI enzymes to create an in-frame amino-terminal fusion between the six-His tag and SseJ. The wild-type SseJ-HA-expressing plasmid used for immunofluorescence and competitive index (CI) complementation studies is pJAF111, which was published previously (15) . Plasmids pKF27, pKF28, pKF29, pKF33, pKF35, pKF36, pKF37, and pMBO76 were all produced by site-directed mutagenesis using QuikChange (Stratagene). Primers 5Ј KF43 and 3Ј KF44 produced an S151A mutation in plasmids pKF35 and pKF29, with pJAF111 and pJAF08 used as templates, respectively. Similarly, 5Ј KF49 and 3Ј KF50 produced a D247N mutation in pKF36 and pKF33, with pJAF111 and pJAF08 used as templates, respectively; 5Ј KF51 and 3Ј KF52 produced a H384N mutation in pKF37 and pKF28, with pJAF111 and pJAF08 used as templates, respectively; and 5Ј KF47 and 3Ј KF48 produced an S153N mutation in pKF27, with pJAF08 used as a template. The triple mutant SseJ-HA plasmid pMBO76 was produced sequentially using QuikChange. First, the H384N mutation was incorporated onto the D247N-containing SseJ-HA plasmid pKF36 using 5Ј KF51 and 3Ј KF52, which created the intermediate double mutant (D247N and  H384N ) plasmid pMBO74. The double mutant plasmid was then used as a template to incorporate the S151A mutation using primers 5Ј KF43 and 3Ј KF44. All plasmids were sequenced to verify the mutations.
sseJ deletion strain construction. The chromosomal deletion of sseJ in serovar Typhimurium was constructed using the Red recombinase system (13) . The Cam r gene and FLP recognition target (FRT) sites from pKD3 were amplified by primers 5Ј MBO71 and 3Ј MBO72, which also contain flanking regions with homology to the 5Ј and 3Ј regions of sseJ, respectively. The resulting PCR fragment was purified and transformed into electrocompetent wild-type serovar Typhimurium cells containing pKD46 that were induced with arabinose at 30°C, and recombinants were selected on LB broth-Cam plates. Candidate colonies were verified by PCR. This approach yielded a serovar Typhimurium strain with the sequence encoding amino acids 3 to 406 of sseJ replaced by the FRT-Cam-FRT cassette.
Competitive index assay. Mice were ordered from Charles River Laboratories, Inc., and all experiments were performed with IACUC approval. Virulence phenotypes were tested by competitive index assay as described previously (15) . Briefly, 6-to 8-week-old female BALB/c mice were inoculated intraperitoneally with a mixture of 5 ϫ 10 4 organisms each of two serovar Typhimurium strains for a total of 10 5 bacteria in a 0.2-ml volume. Each strain was diluted from stationary-phase cultures grown overnight and contained either a chromosomal or stable plasmid-based antibiotic marker to allow the strains to be differentiated. The bacterial inoculum contained approximately equal concentrations of both strain 1 and strain 2 bacteria, and the ratio of strain 1 to strain 2 was confirmed by plating dilutions of the inoculum onto selective media. Forty-eight hours after infection, mice were euthanized by CO 2 asphyxiation, the spleens were dissected, and each spleen was homogenized in sterile phosphate-buffered saline using a 2-ml glass Dounce homogenizer. Ratios of strain 1 to strain 2 bacteria in each spleen were calculated from bacterial counts produced by plating aliquots of 1:10 dilutions of homogenized spleen on selective media. The CI was calculated by dividing the ratio of strain 1 to strain 2 bacteria isolated from the spleen by the ratio of strain 1 to strain 2 bacteria inoculated into the mouse. CI results were determined by calculating the means Ϯ standard deviations for at least 10 mice that were infected in three separate experiments. Statistical significance (P value) was determined by a Student two-tailed t test.
Immunofluorescence microscopy. Mammalian cells were seeded onto 12-mm coverslips in wells of 24-well tissue culture dishes in antibiotic-free media at a concentration of either 5 ϫ 10 4 or 1 ϫ 10 5 cells for HeLa or RAW264.7 cells, respectively. RAW264.7 cells were infected with stationary-phase serovar Typhimurium, while HeLa cells were infected with bacteria that were back-diluted to 1:100 for 3 h for log-phase growth. Both cell types were infected with bacteria at a multiplicity of infection of 100:1 in antibiotic-free media for 1 h, after which cells were washed with phosphate-buffered saline, and medium containing 10 g gentamicin/ml was applied to the infected cells for the remainder of the infection. Following infection, cells were fixed with 2% paraformaldehyde in phosphate-buffered saline for at least 1 hour to overnight, washed with phosphatebuffered saline twice, and permeabilized with ice-cold acetone for 20 seconds. Prior to being stained, cells were blocked for 1 hour with a blocking solution composed of phosphate-buffered saline containing 5% donkey serum, 1% bovine serum albumin, 0.2% saponin, and 5 mM EDTA at room temperature. All primary and secondary antibodies were diluted in blocking solution and applied to cells for 1 hour, followed by washes with phosphate-buffered saline. To detect the hemagglutinin (HA) epitope, mouse anti-HA antibodies (Covance) were used at 1:500 and were probed with tetramethyl rhodamine isothiocyanateconjugated donkey-anti-mouse antibodies (Sigma) at 1:200 as secondary antibodies. In RAW264.7 cells, mouse LAMP-1 was stained with rat anti-LAMP-1-fluorescein isothiocyanate-conjugated antibodies (BD Pharmingen) at a concentration of 5 g/ml. Human LAMP-1 was stained using a 1:10 dilution of mouse anti-LAMP-1-fluorescein isothiocyanate conjugate (BD Pharmingen). Rabbit antilipopolysaccharide (anti-LPS) antibodies (Difco) were used at a ratio of 1:1,000. Secondary staining was performed using either Cy5-or tetramethyl rhodamine isothiocyanate-conjugated donkey-anti-rabbit secondary antibodies (Jackson) at 1:200. Stained coverslips were mounted onto slides using Vectashield (Vector Laboratories, Inc.) and sealed with nail polish. Slides were examined on an inverted Olympus microscope with a 60ϫ oil immersion lens, and images were collected and deconvolved using SoftWoRx (Applied Precision) and then imported into Photoshop 7.0 (Adobe) to separate color layers.
Sif and LAMP-1 colocalization quantitation. HeLa cells were seeded at a density of 2.5 ϫ 10 4 or 5 ϫ 10 4 cells for Sif quantitation or LAMP-1 colocalization experiments, respectively. Cells were infected with serovar Typhimurium at a multiplicity of infection of 325:1 for 1 h, followed by gentamicin protection as described previously (4) . At specific time points, the cells were fixed with 2.5% paraformaldehyde, permeabilized, and stained with anti-LPS and anti-human LAMP-1. Percent cells expressing Sifs was calculated by counting 100 infected cells per time point for each strain. Percent bacteria colocalizing with LAMP-1 was calculated by counting the number of LAMP-1-positive Salmonella isolates out of the total number of Salmonella isolates, with at least 100 Salmonella isolates counted per time point for each strain.
Protein purification. Strains containing His tag expression constructs were induced with 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) for 4 h prior to collection of cell pellets by centrifugation. The cell pellets were resuspended in cold 50 mM Tris (pH 7.4), and the cells were lysed using a French press. The soluble protein fraction was separated from the cellular debris in the lysate by Deacylase assay. The PNPB (para-nitrophenyl butyrate) deacylase assay is a modified version of that described previously (5) . Briefly, purified enzyme of varied concentrations was added to 1-ml spectrophotometer cuvettes containing the assay reaction mix (65 l 50 mM PNPB [Sigma] 4] , and H 2 O to make 1 ml) and monitored in a Beckman DU 650 spectrophotometer at 400 nm for 30 min, with measurements taken every 30 seconds while the cuvette holder was equilibrated to 37°C. The spectrophotometer values obtained for the reaction mix without enzyme were subtracted from the values for each reaction mixture that contained enzyme at each time point to control for spontaneous PNPB deacylation. The rate (absorbance/time) was calculated using Kaleidagraph (Synergy Software) and was used to determine the micromoles of para-nitrophenol (PNP) formed per second using Beer's law (5) .
RESULTS
SseJ has in vitro deacylase activity. The carboxy-terminal region of the SPI2 effector SseJ displays sequence homology to a family of enzymes termed GCATs, which typically exhibit deacylase activity as a first step in the reaction mechanism. To test whether SseJ posseses deacylase activity, we chose to use a soluble colorless substrate, PNPB, that forms a yellow product, PNP, upon removal of a short-chain fatty acid acyl group in a colorimetric assay (5) . Amino-terminal His-tagged SseJ was purified from E. coli and tested for deacylase activity using this assay. We found that 5 g of His-SseJ formed PNP at a rate of 9.16 ϫ 10 Ϫ4 mol/second (Fig. 1A) , demonstrating that SseJ functions as a deacylase. As a control, native purified Aeromonas salmonicida GCAT protein was analyzed, and 0.5 g of protein exhibited the same rate of PNP production as 5 g His-SseJ (data not shown), indicating that the activity of SseJ in this assay is approximately 10-fold lower.
SseJ mutants lack deacylase activity. Based on sequence homology, we hypothesized that the conserved Ser151, Asp247, and His384 residues of SseJ compose a catalytic triad (Fig. 1B) . To test whether mutations of the catalytic residues had impaired activity in the PNPB assay, site-directed mutants were designed and purified from E. coli. We made three mutant versions of His-SseJ that contain single amino acid substitutions: S151A, D247N, and H384N. The predicted catalytic Ser151 residue is the middle serine residue in a G-D-S-L-S motif, which is present in all known GCAT enzymes. Since it was unknown whether Ser151 or Ser153 was the catalytic res- idue, a Ser153A mutant was also constructed. When tested for deacylase activity using the PNPB assay, the His-SseJ-S153A mutant protein produced 9.33 ϫ 10 Ϫ4 mol of PNP per second, similar to the rate produced by wild-type SseJ (Fig. 1A) . However, mutant SseJ proteins His-SseJ-S151A, His-SseJ-D247N, and His-SseJ-H384N exhibited rates of 2.16 ϫ 10 Ϫ4 , 1.83 ϫ 10 Ϫ4 , and 1.18 ϫ 10 Ϫ4 mol PNP per second, respectively, an approximately fivefold reduction in activity compared to that of wild-type His-SseJ (Fig. 1A) . These results suggest that Ser151, Asp247, and His384 residues are members of a catalytic triad and that Ser153 is not a catalytic residue. The reduction in catalytic activity was not due to unspecific destabilization of SseJ, as all mutants could be expressed to similar levels and exhibited identical peak fluorescence spectra. Peak fluorescence of wild-type His-SseJ in 50 mM Tris buffer when excited at 280 nm was found to be 335 nm. When assayed in the presence of 7 M urea to induce unfolding, the peak fluorescence shifted to 350 nm, indicating that a conformational change had occurred. The 335-nm peak fluorescence of each of the catalytic mutant proteins in 50 mM Tris buffer was identical to that of wild-type undenatured His-SseJ and indicated that the proteins were equally folded.
Translocated SseJ catalytic mutants maintain SCV localization. Although it was previously shown that ectopic expression of an SseJ-S151V mutant did not alter subcellular distribution from that of the wild type, suggesting that active-site residues do not influence localization (33), it was not known whether active-site mutations would affect the bacterial translocation of SseJ or SCV localization in the context of infection. To test this, HeLa cells were infected with a ⌬sseJ mutant expressing wild-type SseJ-HA; an SseJ-S151A-HA, SseJ-D247N-HA, or SseJ-H384N-HA catalytic mutant; or an SseJ-S151A-SsJ-D247N-SsJ-H384N-HA triple mutant. Expression of SseJ-HA from each of these stable, low-copy-number plasmids is under the control of its native promoter. Western blots of infected cell lysates probed with anti-HA antibodies indicated that the amount of translocated SseJ catalytic mutant protein was similar to wild-type SseJ-HA (data not shown), indicating that the catalytic mutations did not affect translocation by the TTSS apparatus. In addition, infected HeLa cells were fixed 10 hours postinfection; immunostained for the HA epitope, human LAMP-1, and LPS; and analyzed by fluorescence microscopy. Wild-type SseJ-HA colocalized with LAMP-1 and LPS, which indicates its localization to the SCV, and colocalized with the LAMP-1-positive Sif structures that radiate away from the SCV ( Fig. 2A) , confirming previous reports (15, 33) . Similarly, we observed that SseJ-S151A-HA, SseJ-D247N-HA, SseJ-H384N-HA, and the SseJ-S151A-D247N-H384N-HA triple mutant localized to the SCV and Sifs like wild-type SseJ-HA (Fig. 2B to D and data not shown, respectively) . Sif production was observed in infections with all four of the SseJ-HA mutants, and there were no gross morphological differences between the wild type and the catalytic mutants.
In cultured macrophages, SseJ-and LAMP-1-positive structures have been observed distant from the SCV (15) . To ascertain whether SseJ catalytic mutants exhibited the same pattern of macrophage localization and trafficking, RAW264.7 cells were infected with a ⌬sseJ mutant expressing either wildtype SseJ-HA, SseJ-S151A-HA, SseJ-D247N-HA, or SseJ-H384N-HA and were immunostained with antibodies to the HA epitope, LPS, and mouse LAMP-1 10 hours postinfection. We observed that SseJ-HA mutants maintained the ability to localize to the SCV and colocalized with LAMP-1-positive compartments distinct from the SCV (Fig. 3) . The localization of mutant SseJ in both HeLa and RAW264.7 cells indicates that catalytic residues of SseJ are not required for translocation or localization and demonstrates that the ability to localize to vacuolar membranes is not a consequence of enzymatic activity.
SseJ catalytic mutants fail to complement in vivo ⌬sseJ phenotypes. S. enterica serovar Typhimurium strains that lack sifA display two major phenotypes: failure to induce Sif formation and failure to remain within the Salmonella-containing vacuole as determined by LAMP-1 colocalization and electron microscopy (2). Additionally, sifA null mutants replicate in the cytosol, as opposed to the SCV, following loss of the vacuolar membrane (2, 3, 8) . SseJ activity is implicated in ⌬sifA vacuolar membrane loss because ⌬sifA ⌬sseJ double mutants remain enclosed in the SCV (33) . This phenotype can be exploited to measure SseJ activity in vivo. Specifically, to test whether SseJ catalytic activity plays a role in membrane loss by the ⌬sifA mutant, plasmids expressing either wild-type or catalytic mutant SseJ were assayed for the ability to restore the ⌬sifA phenotype to ⌬sifA ⌬sseJ double mutant bacteria by LAMP-1 colocalization. We observed that wild-type and ⌬sseJ bacteria maintained a high percentage of colocalization with LAMP-1, while ⌬sifA bacteria exhibited a marked decrease in LAMP-1 colocalization, and ⌬sifA ⌬sseJ LAMP-1 colocalization was significantly higher than with ⌬sifA bacteria (Fig. 4) , confirming previous results (33) . The LAMP-1 colocalization phenotype in cells infected with the ⌬sifA ⌬sseJ mutant expressing wild-type SseJ was complemented, as these cells exhibited a decrease in LAMP-1 colocalization similar to that of ⌬sifA bacteria. However, the LAMP-1 colocalization phenotype of the ⌬sifA ⌬sseJ mutant expressing the catalytic SseJ-HA triple mutant was not complemented, as these cells had a higher percentage of bacteria that continued to colocalize with LAMP-1, approximately at the same levels as ⌬sifA ⌬sseJ bacteria (Fig. 4) . These results confirm that SseJ enzymatic activity allows ⌬sifA bacteria to escape from the SCV and provides strong evidence that the function of SseJ is to modify the SCV membrane.
Recently, we demonstrated that SseJ negatively regulates the formation of Sifs in epithelial cells (4); thus, we hypothesized that the catalytic activity of SseJ was involved in the down regulation of Sifs in infected cells. To test this, Sif formation was analyzed in HeLa cells that were infected with the wild type, the ⌬sseJ mutant, or the ⌬sseJ mutant expressing either wild-type SseJ-HA or the triple mutant SseJ-S151A-D247N-H384N-HA. Sif formation was quantified at 2-hour intervals between 4 and 10 hours postinfection. We determined that ⌬sseJ mutant-infected cells induced 30% more Sif-expressing cells than wild-type-infected cells, confirming previous results (4) . HeLa cells infected with the ⌬sseJ mutant expressing wildtype SseJ-HA induced Sif expression at levels similar to those of wild-type serovar Typhimurium, indicating that the phenotype was complemented. In contrast, the ⌬sseJ mutant expressing triple mutant SseJ-HA failed to down regulate Sif expression, indicating that the ability of SseJ to negatively regulate Sif formation requires enzymatic activity (Fig. 5) . 
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SseJ catalytic activity is required for full virulence in mice. To determine whether the catalytic activity of SseJ is required for serovar Typhimurium virulence in mice, we tested the virulence phenotype of ⌬sseJ strains expressing catalytic mutant SseJ-HA by the CI assay (1). First, the ⌬sseJ mutant was competed against the wild type in order to confirm CI results from previously published competitions with the ⌬sseJ mutant versus the wild type. As shown in Fig. 6 , the ⌬sseJ mutant exhibits a competitive index defect of 0.56 Ϯ 0.10, similar to CI values of 0.5 that we and others observed previously (15, 33) . As a control, ⌬sseJ strains containing Kan r and Amp r plasmids were competed, and we verified that plasmid-based antibiotic resistance genes do not influence competitive index ratios, as these strains competed equally (1.0 Ϯ 0.13). The ⌬sseJ mutant expressing wild-type SseJ-HA was found to compete equally against the wild type, with a competitive index of 0.90 Ϯ 0.18, suggesting that low-copy-number-SseJ expression by its native promoter can restore virulence to the ⌬sseJ mutant. However, when the wild type was competed against the ⌬sseJ mutant expressing SseJ-S151A-HA, SseJ-D247N-HA, SseJ-H384N-HA, and SseJ-S151A-D247N-H384N-HA, CI phenotypes of 0.50 Ϯ 0.09, 0.17 Ϯ 0.05, 0.45 Ϯ 0.13, and 0.44 Ϯ 0.06 were observed (Fig. 6 ). These competitive indices show that SseJ catalytic mutants cannot complement the virulence defect of ⌬sseJ and clearly demonstrate that SseJ catalytic activity is required for full virulence in mice.
DISCUSSION
The ability of Salmonella to survive and replicate within mammalian cells is dependent on the SPI2 TTSS; however, the exact molecular contribution of SPI2 TTSS effector proteins remains unknown. In this study, we sought to analyze the potential enzymatic activity of the SPI2 effector SseJ and to determine whether the residues of this protein, which contain homology to GDSL lipases, contribute to the function of SseJ in vivo. Wild-type His-SseJ catalyzed the formation of PNP in the PNPB assay and clearly showed that SseJ has deacylase activity. We found that amino acid substitutions S151A, D247N, and H384N in SseJ led to a fivefold reduction in deacylase activity, suggesting that these residues form a catalytic triad. Strains expressing catalytic mutant SseJ-HA translocated mutant protein into host cells, which displayed wildtype localization to the Salmonella-containing phagosome. However, despite proper localization, SseJ catalytic mutants failed to complement the known cellular phenotypes attributed to SseJ, namely, down regulation of Sifs and destabilization of the SCV in ⌬sifA mutants. Most importantly, catalytically inactive SseJ mutants demonstrated a virulence defect in mice.
The deacylase activity exhibited by SseJ is approximately 10-fold lower than the activity of a purified A. salmonicida GCAT protein that is secreted extracellularly by type II secretion. The PNPB substrate is not likely to be physiologic for either protein but was chosen because it is water soluble. Differences in affinities for PNPB could explain the rate difference, and SseJ could have higher affinity for different substrates. However, it is interesting to speculate that the reduced enzymatic activity of SseJ compared to that of other GCAT proteins is physiologic. High levels of SseJ activity could have a deleterious effect on Salmonella survival within macrophages by perhaps leading to destabilization of the SCV membrane . The CI was calculated by dividing the ratio of strain 1 to strain 2 bacteria in the output by the ratio of strain 1 to strain 2 bacteria in the input. The relevant genotype, complementing gene, antibiotic marker, and strain names are listed below the graph for the two strains competed. The graph reflects the CI means Ϯ standard deviations from at least 10 mice that were infected in three separate experiments. Asterisks denote CI values significantly different from the CI value calculated for the competition of ⌬sseJ mutant expressing wild-type SseJ versus wild-type serovar Typhimurium (WT) (P value Ͻ 0.01).
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on October 23, 2017 by guest http://iai.asm.org/ and the subsequent release of bacteria into the cytosol. Further studies will be required to identify the biologically relevant substrates of SseJ and whether modest enzyme activity is relevant to its in vivo function. From our current study, we cannot conclude whether SseJ functions solely as a deacylase or whether it also has acyltransferase activity. The primary sequence indicates that SseJ is more similar to GCAT enzymes than to other GDSL lipases (see alignment in reference 14 and Fig. 1B) . Altering the catalytic aspartic acid (D247) in the G-A-N-D-Y motif of SseJ to an asparagine (D247N) converts the motif to a G-A-N-N-Y motif like that found in PlaA, the Legionella lysophospholipase. In SseJ, the D247N mutation, and therefore the altered motif, results in inactive SseJ protein, which suggests that the active site of SseJ requires a conformation more like that of GCAT enzymes than of lysophospholipases or other GDSL lipases.
If SseJ possesses deacylase and acyltransferase activities, the production of esterified cholesterol may contribute to the effect of SseJ on the SCV. Cholesterol is enriched in the phagosomal compartment in serovar Typhimurium-infected cells (7, 11, 18) and is likely important for providing membrane rigidity and forming lipid rafts. Hence, esterified cholesterol in lipid rafts could disrupt cell-signaling platforms. Conversely, lipid and/or cholesterol modifications could inhibit the formation or interaction of molecular complexes on the SCV surface that are required for vesicular trafficking to or from the SCV.
This work supports the hypothesis that SseJ activity induces lipid modifications on the SCV membranes that alter the phagosomal compartments. SseJ likely acts in concert or sequentially with SifA and other effector proteins to promote vacuolar remodeling. It seems that Sif formation reflects an activity of SifA that promotes the fusion of endocytic vesicles with the SCV or inhibits recycling of vesicles away from the SCV. Since SseJ activity negatively regulates this SifA activity, we hypothesize that SseJ activity promotes trafficking toward or away from the SCV that opposes the action of SifA.
Although the exact biochemical activity of SseJ remains to be defined, its localization to the membrane is probably important for positioning SseJ in proximity of the substrate. However, catalytic mutants that exhibit impaired enzymatic activity have wild-type patterns of localization, indicating that enzymatic activity does not influence localization. Since SseJ lacks predicted domains that could explain membrane localization, the lack of delocalization of SseJ catalytic mutants suggests that the mechanism promoting SseJ localization is likely a protein-protein interaction between SseJ and a phagosomal protein. Identification of proteins that interact with SseJ will be important for dissecting subcellular localization from enzymatic activity. Though multiple questions remain to be resolved, these studies establish that SseJ enzymatic activity is important for Salmonella virulence in mice and Sif down regulation by modifying the Salmonella phagosome.
